Root turnover is a critical component of ecosystem nutrient dynamics and carbon sequestration and is also an important sink for plant primary productivity. We tested global controls on root turnover across climatic gradients and for plant functional groups by using a database of 190 published studies. Root turnover rates increased exponentially with mean annual temperature for fine roots of grasslands (r# l 0.48) and forests (r# l 0.17) and for total root biomass in shrublands (r# l 0.55). On the basis of the best-fit exponential model, the Q "! for root turnover was 1.4 for forest small diameter roots (5 mm or less), 1.6 for grassland fine roots, and 1.9 for shrublands. Surprisingly, after accounting for temperature, there was no such global relationship between precipitation and root turnover. The slowest average turnover rates were observed for entire tree root systems (10% annually), followed by 34% for shrubland total roots, 53% for grassland fine roots, 55% for wetland fine roots, and 56% for forest fine roots. Root turnover decreased from tropical to high-latitude systems for all plant functional groups. To test whether global relationships can be used to predict interannual variability in root turnover, we evaluated 14 yr of published root turnover data from a shortgrass steppe site in northeastern Colorado, USA. At this site there was no correlation between interannual variability in mean annual temperature and root turnover. Rather, turnover was positively correlated with the ratio of growing season precipitation and maximum monthly temperature (r# l 0.61). We conclude that there are global patterns in rates of root turnover between plant groups and across climatic gradients but that these patterns cannot always be used for the successful prediction of the relationship of root turnover to climate change at a particular site.

Root turnover is a central component of ecosystem carbon and nutrient cycling, and will probably be sensitive to many of the factors considered in global change analyses (Aber et al., 1985 ; Bloomfield et al., 1996) . In particular, discerning how plant attributes, soil processes, and climatic patterns influence rates of root turnover is important given current and projected future climate and vegetation change (Vitousek, 1994 ; Parton et al., 1995 ; Jackson et al., 2000) . Although it is important to understand the mechanisms controlling root longevity and turnover for an individual root or plant, it is also desirable to identify broad-scale patterns in root turnover among plant functional types and across large climatic gradients. Understanding differences between plant groups might be helpful in modeling how changes in plant functional types influence root standing crop, hydrology, and nutrient dynamics. In addition, examining how root turnover is related to temperature and precipitation regionally could help to identify which plant groups are most sensitive to climate change.
A number of studies have demonstrated that soil temperature, moisture status, and nutrient availability control, in part, the timing and duration of root growth (Nadelhoffer et al., 1985 ; Vogt et al., 1986 ; Pregitzer et al., 1993 Pregitzer et al., , 2000 Hendrick & Pregitzer, 1997 ; Nadelhoffer, 2000) . Individual root longevity is determined primarily by soil microsite conditions (Friend et al., 1990 ; Pregitzer et al., 1993 Pregitzer et al., , 2000 Joslin et al., 2000) , root development patterns (Marshall & Waring, 1985) , growing season length, and plant mineral nutrient conservation (Eissenstat & Yanai, 1997 ; Eissenstat et al., 2000) . Soil temperature probably has a strong role in determining root turnover, given that the onset of production is often keyed by soil warming in the spring and that the costs of root maintenance increase exponentially with temperature (Ryan, 1991 ; Hendrick & Pregitzer, 1997 ; Fitter et al., 1998 ; Atkin et al., 2000) . In addition, land cover change is altering the abundance and distribution of plant functional types globally, influencing belowground allocation patterns and regional carbon and nutrient cycles (Connin et al., 1997 ; Gill & Burke, 1999) .
Temperate grasslands allocate between 24% and 87% of net primary production belowground (Sims & Singh, 1978) . In forests, belowground net primary productivity (BNPP) typically accounts for 30-50% of total net primary production (Vogt, 1991) . Given that little, if any, retranslocation of nutrients occurs before fine-root senescence, root turnover is a strong nutrient sink for most plants ( Aerts, 1990 ; Nambiar & Fife, 1991 ; Gordon & Jackson, 2000) . Studies with minirhizotrons have shown that a subset of roots in both grasslands and forests is highly dynamic, having a lifespan of days to weeks (Hendrick & Pregitzer, 1997 ; Gill, 1998 ; Arnone et al., 2000 ; Tingey et al., 2000) . Ryser (1996) hypothesized that plants growing in nutrient-poor environments might increase root lifespan to avoid nutrient loss. Potentially, if soils warm as a result of climate change, maintenance costs of roots and nutrient availability might increase and contribute to higher rates of root turnover. Furthermore, the efficiency of nutrient uptake for a single root over its lifetime might decrease with increasing temperature (Eissenstat & Yanai, 1997) .
Our objectives in this paper are as follows : (1) to synthesize root turnover data for major biomes and plant life forms globally, (2) to generate broadscale patterns of root turnover along climatic gradients, and (3) to contrast regional and local environmental controls over root turnover. We illustrate this last objective by using regional patterns to predict sitelevel responses to global change.
  
Building on prior analyses in Jackson et al. (1996 Jackson et al. ( , 1997 , we assembled a database of approx. 190 papers from journals, book chapters, technical reports, and unpublished manuscripts that included information on live root standing crop and BNPP (Appendix 1). The papers described research on every continent except Antarctica, although most were from North America (Fig. 1) . In the database, the plant functional type and biome coverage were most abundant for grasslands and temperate zones (Appendix 1). Coverage in South America, Australia and north central and eastern Asia was particularly sparse (Fig. 1) . The data were categorized according to latitude, longitude, mean annual temperature, mean annual precipitation, maximum mean monthly temperature, minimum mean monthly temperature, soil texture, sampling method, plant age, and root diameter class, although not all information was available for every study. In cases where authors did not differentiate between live and dead biomass, we recorded total root biomass. When climate variables were not reported, we used the CLIMATE database version 2.1 (W. Cramer, pers. comm.) to reconstruct mean climate values based on latitude and longitude coordinates. For each study, we recorded the dominant vegetation type and the vegetation sampled (i.e. forest, grassland, shrubland, wetland) . When a single paper included information for multiple vegetation types, we averaged species within a type but reported turnover for each unique vegetation. We further categorized sites as tropical, temperate, or high latitude. Sites that included BNPP and standing crop values for more than a single year were averaged across years for the global comparison. If more than one method had been used to estimate BNPP, both turnover estimates were included. The data for a particular site were averaged when more than one equation had been used to calculate BNPP.
Several calculations have been used in previous studies to determine root turnover (Dahlman & Kucera, 1965 ; Aerts et al., 1992 ; Hendrick & Pregitzer, 1993) . We determined root turnover with a slight modification of the model initially proposed by Dahlman & Kucera (1965) . We calculated root turnover by using the equation :
Root turnover l annual belowground production maximum belowground standing crop Eqn 1 with root turnover in units of yr −" . Alternatives to the Dahlman & Kucera (1965 ) model include Aber et al. (1985 and Aerts et al. (1992) , who defined turnover as BNPP\mean standing crop, or Hendrick & Pregitzer (1993) , who defined turnover as BNPP\ minimum standing crop. Other definitions of turnover were the equivalent of BNPP and were not considered for this analysis (Van Praag et al., 1988 ; Schla$ pfer & Ryser, 1996) . We chose the Dahlman & Kucera (1965) calculation because it is an extensively used model of root turnover and because of its heuristic value. In the Dahlman-Kucera model, an annual plant would have a turnover of 1.0 yr −" if all of the roots that it produced were to die at the end of the growing season. Approximately one-third of the studies that included estimates of BNPP and root standing crop provided mean rather than maximum biomass. In consequence, we transformed mean root standing crop to maximum root standing crop by using a regression based on mean root biomass and belowground net primary productivity, using the 20 datasets that included both mean and maximum root biomass (Appendix 1). The following linear model The 20 studies used to determine this relationship came from across all biome types, and the biomass estimates spanned the range of potential mean biomass reported.
To evaluate whether global patterns between climate and root turnover are applicable at smaller scales, we used a long-term dataset from the shortgrass steppe long-term ecological research site in northeastern Colorado, USA (40m 49h N, 104m 46h W) (see Lauenroth & Milchunas (1992) for a description of the site). We calculated turnover for 14 yr by using data from Sims & Singh (1978) , Milchunas & Lauenroth (1992) , D. G. Milchunas & W. K. Lauenroth (unpublished), and Gill (1998) . Annual precipitation ranged between 264 and 557 mm, and mean annual temperature ranged from 7.6 to 10.9mC during the 14 yr reported. This interannual range in temperature is similar to the 2-3mC change in temperature that is predicted for the central grasslands region of the USA (Parton et al., 1993) . The site-level data allowed us to determine whether interannual variability in weather produced the same patterns in root turnover as those observed across regional and global climatic gradients.
We analyzed the relationship between climate variables and root turnover within and across plant life forms by using stepwise multiple regression (SAS, Cary, NC, USA). Climate variables considered in the model were mean annual temperature (MAT), mean maximum monthly temperature (MMXT) and minimum monthly temperature (MMNT), mean annual precipitation (MAP) or the ratios of MAP to MAT and MAP to MMXT. We log-transformed turnover before conducting our statistical analyses to linearize the metric and to normalize the distribution. Our access to reliable long-term weather data at the Central Plain Experimental Range (CPER) allowed us to include growing season precipitation as a possible variable in the site-level analysis. Within forests, we evaluated turnover for both fine and total root systems for live root biomass. We used all studies that reported fineroot production and standing crop where the diameter increment considered was 5 mm or less, although there was some variability in the maximum root diameter considered ' fine '. We also compared turnover between plant life forms and across latitudinal zones by using unbalanced ANOVA and Fisher's LSD (SAS, Cary, NC, USA). In cases where there was an exponential relationship between temperature and root turnover, we calculated a Q "! (the increase in reaction rate for a 10mC increase in temperature) based on the Arrhenius equation (Winkler et al., 1996) .
We acknowledge that there are several problems associated with analyzing these data with standard parametric statistics. The nature of the dataset makes it difficult to apply standard meta-analytic statistics because very few studies provide a variance estimate for standing crop or BNPP. Therefore, the only variance that is considered in this analysis is variation between studies, potentially violating the assumption of absence of heteroscedasticity. In addition, the data might not be completely independent owing to non-phylogenetic independence between species, methodological bias, or habitat redundancy. The problems of applying inferential statistics to these data therefore make it necessary to be extremely conservative in the conclusions that can be drawn statistically.

There was a strong, positive exponential relationship between root turnover and mean annual temperature for grasslands, shrublands and all fine roots pooled together, with turnover increasing from boreal zones to the tropics ( Fig. 3 ; r# l 0.48 for grasslands ; r# l 0.55 for shrublands ; r# l 0.40 for all fine roots). There was also a weak relationship between MAT and fine-root turnover in forests (r# l 0.17 for forest fine roots). On the basis of the exponential models, the Q "! for root turnover was 1.6 for fine roots globally and in grasslands, 1.9 in shrublands, and 1.4 for forest fine roots. Total root turnover in forests (P 0.09) and wetland belowground turnover (P 0.16) showed no significant relationship to any of the climate variables (Fig. 3) . In all regression models, once mean annual temperature was included, no other climate variables or ratios were significant, including precipitation. When we factored out all studies that reported root dynamics in periodically flooded or saturated soils, we found a weak correlation between mean annual precipitation and root turnover (r# l 0.32), although mean annual precipitation was not a significant component of the multiple regression model (Fig. 4) . In the high latitudes, average root turnover for graminoids, shrubs, and tree fine roots was 13% of maximum root standing crop annually, with an increase to 40% in temperate zones, and nearly 73% in tropical zones.
Whole-tree root systems had the lowest turnover values of any of the plant functional types analyzed in this study (10%). Shrubland species had the next lowest root turnover (34%) followed by grasses and fine roots of trees (53% and 56%, respectively). Mean annual turnover rate for roots of wetland species was 55%. The relative order of turnover rate among plant functional types was maintained within latitudinal zones, with grasslands l tree fine roots l wetlands shrublands tree whole root system for high latitude, temperate, and tropical zones (Fig. 5) . Not surprisingly, the diameter class used to define a fine root in forests had a strong role in determining fine-root turnover. As the diameter class increased, root turnover decreased (Fig. 6 ). In the 0-1 mm diameter class turnover was 1.2 yr −" , decreasing to 0.10 yr −" in the 0-10 mm diameter class. Most of the studies in this review used 0-3 mm or 0-5 mm diameter classes to distinguish fine roots ; these two classes were not significantly different with an average turnover of 0.52 yr −" . The average across all diameter classes was 0.56 yr −" . The inconsistency in defining ' fine ' roots in the forestry literature makes it difficult to compare turnover estimates across studies.
At the long-term ecological research site in northeastern Colorado, USA, mean annual temperature was not a significant factor in explaining root turnover (Fig. 7a) . However, there was a strong, positive correlation between root turnover and the ratio of growing season precipitation : maximum mean monthly temperature (r# l 0.61 ; Fig. 7b ). Thus, although temperature was the most important variable globally for explaining patterns of root turnover, it was not nearly as useful as was an index of temperature and precipitation for explaining the year-to-year variation in root turnover at that particular site.

We found global and regional relationships between mean annual temperature and rates of root turnover in grasslands, shrublands, and forest fine roots.
Potential explanations for an increase in turnover with higher temperatures include the following ; (1) the exponential increase in maintenance respiration with temperature, (2) increased nutrient mineralization rates with higher temperatures, and (3) an increase in pathogen and herbivore load in warmer soils and in soils that do not freeze (Ryan, 1991 ; Eissenstat & Yanai, 1997) . As maintenance respiration increases, the optimal lifespan for a root decreases, thus requiring higher root turnover rates in warmer climates. Microbial activity also shows an exponential increase with soil temperature, and might result in higher nutrient availability (Holland et al., 1995) . In addition, the absence of a hard freeze in soils might allow populations of root-feeding herbivores to increase. This effect is particularly interesting within a climate change context, given that the strongest trend in warming trend is seen in daily minimum temperatures (Alward et al., 1999) . The disproportionate increase in daily minimum temperature might increase parasite and herbivore loads in systems beyond what would be expected simply as a result of increased mean annual temperature. However, climate variables alone were insufficient predictors of root turnover for total root systems in forests and wetlands. We found that, within plant functional types, root turnover increased consistently from boreal to tropical zones. This might reflect the influence of seasonality on root turnover, implying that tropical zones require a higher belowground productivity to maintain the same belowground biomass as temperate or boreal systems.
The strength of the relationship between mean annual temperature and turnover in grasslands and shrublands might be the result of a strong correlation between air and soil temperatures in systems with low leaf area. In forests and wetlands, the temperature experienced by an individual root might be moderated by the forest canopy or by site hydrology. In broadleaf forests, the forest canopy can cause a significant decrease in soil temperature compared with non-shaded soils. We were unable to analyze the influence of daily minimum temperatures on root turnover because the data were infrequently reported. Hendrick & Pregitzer (1997) found that soil temperature was a critical factor in determining fine-root lifespan in temperate forests, and therefore our ability to predict root turnover across regional gradients could be improved by including data on soil temperature.
Shifts in dominant plant life form have occurred globally and have been implicated in altered system hydrology and carbon and nutrient dynamics (Connin et al., 1997 ; Gill & Burke, 1999) . The differences that we found between plant functional types suggest that shifts in plant life form might also influence rates of root turnover in ecosystems. For instance, much of the semiarid and arid USA has experienced an increase in shrub density in historically grass-dominated ecosystems (Bogusch, 1952 ; Schlesinger et al., 1990 ; McClaran & McPherson, 1995) . Given the differences in root turnover among shrubs and grasses we might expect that a lower proportion of root biomass would turn over annually in shrub-invaded ecosystems than in grasslands, influencing both carbon and nutrient cycling.
Our conclusion that the broad-scale patterns that we observed were not useful predictors of interannual variability at an individual site is not unique (Lauenroth & Sala, 1992) . Gower et al. (1996) found that the global pattern of belowground carbon allocation used by Nadelhoffer & Raich (1992) was not a useful predictor of belowground allocation across years at individual sites. One potential reason for the divergence between correlative factors at different scales might be the resolution of the data necessary to predict root turnover at a local site. We found a strong relationship between the ratio of growing season precipitation to maximum monthly temperature and root turnover. Unfortunately, we could not test this same prediction with our database, because we lacked the data necessary to generate this ratio for most of the sites. Furthermore, turnover at a single site might be determined by the ability of a few species to respond to interannual variability and might be buffered by species-specific allocation patterns (Lauenroth & Sala, 1992) . Previous reviews have used smaller datasets to show that climate and nutrient availability are valuable predictors of fineroot standing crop or belowground production in forests (Nadelhoffer et al., 1985 ; Vogt et al., 1986 ; Gower, 1987) . However, many of the relationships found in smaller datasets were lost or changed when the numbers of studies included in the analysis were enlarged or when the number of taxa considered increased (Vogt et al., 1996) . Vogt et al. (1996) found that the variables useful in predicting fine root standing crop were often different from variables useful in estimating belowground production.
The high variability in root turnover estimates might partly be explained by methodological constraints. The methods used to measure and calculate belowground biomass and production might have a strong role in determining estimates of root turnover. For instance, Aber et al. (1985) used both a maximum-minimum approach (McClaugherty et al., 1982) and a budgetary approach to determine belowground productivity. Their study illustrates that at a single site in a single year different methods can give estimates of turnover that vary by an order of magnitude. For a site to have a turnover rate greater than 1, there must be some factor included in the calculation that allows total annual production to exceed maximum biomass, something that is mathematically impossible with the traditional peaktrough methods. Several calculations have been proposed to account for concurrent production and death or some estimate of decomposition of roots during the growing season (Arthur & Fahey, 1992 ; Garcia-Moya & Montanez, 1992 ; Garkoti & Singh, 1995) . Validating models that incorporate estimates of root turnover will be difficult as long as estimates of BNPP vary by more than an order of magnitude depending on the method used.
Understanding patterns and controls over root turnover is crucial, given the desire to predict consequences of climate and land cover change. We found that across broad climatic gradients, root turnover is positively correlated with mean annual temperature in many terrestrial ecosystems. Although it is unlikely that mean annual temperature is the proximate determinate of root turnover, particularly given the inability of the relationship to be predictive at an individual site, our results help to clarify important questions that need to be addressed. What is the role of temperature seasonality in root longevity ? Does daily maximum or minimum temperature have a role in determining root maintenance cost or parasite load ? What belowground characteristics are correlated with mean annual temperature that might be related to root turnover ? The variability in data included in this model also indicates that refining methods of estimating root turnover and understanding sitespecific characteristics will be important for fully understanding controls over root turnover. Abies amabilis Vogt et al. (1982 Vogt et al. ( , 1986 Vogt et al. ( , 1987 Vogt et al. ( , 1996 Vogt (1991) Savanna ( Persson (1978 Persson ( , 1980 Persson ( , 1983 Manitoba, Canada Giroux & Bedard (1988) ‡Values in italics were determined by using the equation : turnover l BNPP\(0.45iBNPPjmean root biomass). *Turnover l BNPP\initial root biomass. †Turnover l BNPP\mean root biomass.


